Natural infections often consist multiple pathogens of the same or different species. In multiple 12 infections, pathogens compete for access to host resources and fitness is determined by how well 13 a pathogen can reproduce compared to its competitors. Given the propensity for males and 14 females to exhibit variation in pathogen-induced reduction in lifespan or fecundity, we explore 15 how host sex may modulate the competitive ability of pathogens, potentially favouring the 16 transmission of different pathogen genotypes. Using the Daphnia magna -Pasteuria ramosa 17 model system, we exposed male and female hosts to either a single genotype infection or co-18 infections consisting of two pathogen genotypes of varying levels of virulence, measured as 19 pathogen-induced reduction in host lifespan. We found that co-infections within females generally 20 favoured the transmission of the more virulent pathogen genotype. Conversely, co-infections 21 within male hosts resulted in equal transmission of competing genotypes, or favoured the 22 transmission of the less virulent pathogen genotype in treatments where it established prior to 23 the more virulent competitor. These results suggest that sex is a form of host heterogeneity which 24 may influence the evolution of virulence within co-infection contexts and that one sex may be a 25 reservoir for pathogen genetic diversity in nature. 26 27
Introduction

28
Due to the ubiquity of pathogens in natural populations, individuals are usually infected with more 29 than one type of pathogen or multiple strains of a single pathogen (Read and Taylor 2001; Rigaud 30 et al. 2010; Balmer and Tanner 2011) . In these multiple infection contexts, pathogens compete for 31 access to host resources and the most fit competitor is often the one which induces the greatest 32 impacts on host lifespan or fecundity (reviewed in Alizon et al. 2013) . It is in this relationship 33 between host exploitation and pathogen fitness that the predictions for multiple infections vary 34 from those of single infections. While prudent pathogen exploitation leads to the highest 35 pathogen fitness in single infection contexts, represented by a trade-off between pathogen 36 reproduction and host harm (Bull 1994; Frank 1996; Alizon et al. 2009 ), a pathogen's ability to 37 acquire more resources than competing strains largely dictates relative pathogen fitness in 38 multiple infections. Yet, host populations are rarely homogeneous and pathogens will encounter 39 hosts that vary in characteristics such as age at exposure, nutritional background, or genotype 40 (Wolinska and King 2009) . Consequentially, the relative fitness (Hodgson et al. 2004; Izhar et al. 41 2015; Louhi et al. 2015) as well as the competitive exclusion or coexistence of co-infecting 42 pathogens (de Roode et al. 2004) will depend not only on the virulence of the pathogens involved 43 but also on the characteristics of their hosts. 44
A near ubiquitous source of host heterogeneity with the potential to modify the outcome of 45 within-host pathogen competition are the differences between male and female hosts. Exhibiting 46 differences in life-history strategies, physiology, or behaviour (Parker 2006; Schärer et al. 2012) , 47 the sexes vary in many characteristics that can influence pathogen exploitation (Duneau et al. 48 2012; Gipson and Hall 2016) . For example, the sexes often vary in their relative immune 49 investment (Rolff 2002; Zuk 2009 ) with one sex experiencing increased prevalence or severity of 50 infection across many species (Poulin 1996; Schalk and Forbes 1997; McCurdy et al. 1998; 51 Sheridan et al. 2000; Zuk 2009; Cousineau and Alizon 2014) . The sexes may also represent hosts of 52 varying exploitative potential due to differences in lifespan or physiological traits such as body size 53 (Christe et al. 2007; Thompson et al. 2017; Gipson and Hall 2018) . 54
Ultimately, these differences can result in infection having sex-specific effects on host fecundity or 55 lifespan (see Table 1 , Cousineau and Alizon 2014; Giefing-Kröll et al. 2015; Klein and Flanagan 56 may influence the nature of within-host pathogen competition (but see Thompson et al. 2017) and 59 potentially favour the transmission of different pathogen genotypes. 60
Within-host competition between pathogens can take a number of forms including: 1) 61 Exploitation, where pathogens compete over a limited host resource pool; 2) Apparent, where the 62 immune response stimulated by one pathogen indirectly inhibits competitors; or 3) Interference, 63
where pathogen reproduction directly inhibits competitors either through prior establishment or 64 competition over physical space (Mideo 2009; Balmer and Tanner 2011; Alizon et al. 2013; Bashey 65 2015; Cressler et al. 2016 ) -each form having different predicted outcomes for virulence 66 evolution. Resource competition, for example, may cause pathogens to overexploit their host, 67 leading to increased virulence (Chao et al. 2000; de Roode et al. 2005a ); yet competing pathogens 68 may interfere with one another or plastically adjust their rate of exploitation, leading to decreased 69 virulence in these competition contexts (Massey et al. 2004; Choisy and de Roode 2010; 70 Eswarappa et al. 2012) . Inhibition may also extend to infections where one genotype establishes 71 prior to the other; often favouring the earlier establishing pathogen regardless of their virulence 72 characteristics (de Roode et al. 2005a; Eswarappa et al. 2012 ). Yet, as the most fit competitor will 73 depend on the specific characteristics of its host (de Roode et al. 2004; Hodgson et al. 2004; 74 Råberg et al. 2006; Ben-Ami et al. 2008; Ben-Ami and Routtu 2013; Izhar et al. 2015; Louhi et al. 75 2015) , heterogeneity may be an important factor in determining the virulence of co-infections. 76
Within each form of pathogen competition exist unexplored opportunities for heterogeneity due 77 to host sex to modulate the way pathogens exploit their host and influence the outcome of co-78 infection. The previously discussed effects of host sex on fecundity and lifespan, for example, may 79 affect the relative competitive ability of pathogens by impacting on patterns of pathogen 80 virulence. Additionally, physiological differences between the sexes may cause one sex to have 81 less resources or physical space for a pathogen to exploit Thompson et 82 al. 2017; Gipson and Hall 2018) , potentially intensifying the competition between pathogens over 83 host resources, or limiting the potential for pathogens to establish in previously infected hosts. 84
The sexes may also vary in their immune response upon infection which may affect subsequent 85 pathogen establishment. Given the propensity for males and females to vary in ways relevant to 86 pathogen competition, sex may represent a further source of host heterogeneity impacting on 87 pathogen transmission within co-infection contexts. 88 exhibit shorter lifespans, are more resistant to infection, experience lower rates of infection-91 induced mortality, and allow for less production of pathogen spores; collectively suggesting that 92 they are a more difficult resource to exploit than females Thompson et al. 93 2017; Gipson and Hall 2018) . In nature, Daphnia may be infected with as many as eight genotypes 94 of P. ramosa (Mouton et al. 2007 ) and have consequentially been used to study the evolution of 95 virulence and competition between pathogens within co-infection contexts (Ben-Ami et al. 2008; 96 Andras and Ebert 2013; Ben-Ami and Routtu 2013; Izhar et al. 2015) . Co-infections in this system 97 often resemble the virulence of the most virulent competitor in isolation and favour the 98 transmission of more virulent genotypes except for situations in which the less virulent genotype 99 establishes first (Ben-Ami et al. 2008; Ben-Ami and Routtu 2013 ). Yet co-infections play out 100 differently between males and females, where females exhibit pathogen virulence and 101 reproduction intermediate to that of the competing pathogens in isolation, whereas the outcome 102 within males is more variable (Thompson et al. 2017 ). Remaining to be explored though is how 103 these sex-specific patterns of co-infection may impact on the relative fitness among pathogen 104 genotypes and the implications this may have for the maintenance of genetic variation and 105 virulence evolution. 106
Using pathogen genotypes of known virulence characteristics (Clerc et al. 2015 ), we exposed 107 genetically identical male and female Daphnia to either a single pathogen genotype or to a co-108 infection consisting of two pathogen genotypes of varying levels of virulence. We then varied the 109 schedule of these exposures, either exposing hosts a single time, or allowing infection to establish 110 prior to a subsequent exposure. We measured pathogen-induced reduction in lifespan (virulence), 111 overall pathogen spore production (transmission), and the relative spore production of competing 112 pathogen genotypes using microsatellite analysis. Due to the relationship between virulence and 113 pathogen competitive ability, as well as the often observed sex-specific patterns of disease 114 outcome, we make the following predictions: 1) the less exploitable sex will suppress variation in 115 pathogen virulence, resulting in similar transmission of competing genotypes; 2) the more 116 exploitable sex will allow for pathogens to exhibit variation in virulence, favouring the 117 transmission of the less virulent genotype; and consequentially 3) the patterns of sequential co-118 infections in the more exploitable sex will resemble those of theory and empirical studies (de will exhibit similar transmission of each genotype regardless of the relative virulence of the 121 previously established genotype. We discuss the implications of these patterns for the 122 maintenance of pathogen genetic variation and the evolution of virulence. 123
Methods
124
Daphnia magna Straus is a globally distributed freshwater crustacean which produces genetically 125 identical male and female offspring via cyclic parthenogenesis (Ebert 2005) . During filter feeding, 126
Daphnia encounter the bacterial pathogen Pasteuria ramosa which reduces the lifespan and 127 fecundity of its host (reviewed in Ebert et al. 2016) . P. ramosa is an obligate killing pathogen, 128 transmitting exclusively horizontally after inducing host death. This experiment utilized host 129 genotype HU-HO-2 and novel P. ramosa genotypes C19, C24, and C1. Prior to the experiment, we 130 established a parental generation by isolating juvenile female Daphnia from pre-existing stock 131 cultures and maintaining them in standardized conditions for three generations to minimize 132 maternal effects. Juvenile female Daphnia were raised individually in 60-mL vials filled with 50 mL 133 of artificial Daphnia medium (ADaM, Klüttgen et al. 1994 ; modified as per Ebert et al. 1998 ) and 134 were transferred into fresh ADaM twice weekly. These females were maintained at 20°C, exposed 135 to a 16-hour light to 8-hour dark cycle, and fed up to 5 million cells of Scenedesmus sp. green algae 136 daily. 137
Production of experimental animals 138
Once the third-generation standardized females released their first clutch, they were exposed to a 139 short pulse of the hormone methyl farnesoate (300 µg/L, Product ID: S-0153, Echelon Biosciences, 140
Salt Lake City, Utah) to stimulate the production of genetically identical male and female offspring. 141
Following previously established methods (Thompson et al. 2017) , the standardized females were 142 transferred into 60-mL vials filled with 20 mL of hormone treated ADaM and were transferred into 143 fresh hormone treated ADaM three times weekly. Male and female offspring were collected from 144 the second and third clutches post hormone exposure. This treatment has previously been shown 145
to have no detectible impact on host lifespan and fecundity, nor pathogen transmission and 6
To measure the effect of host sex on the outcome of within-host pathogen competition, as well as 149 how this competition proceeds when one genotype has already established, we randomly exposed 150 males and females to either single infections or co-infections. These exposures were carried out in 151 one of two exposure "schedules": 1) simultaneous exposure occurred once when the individual 152 was five days old or 2) sequential exposure occurred at 5 and 12 days old (see Table 1 for infection 153 design details). All exposures consisted of a 40,000 pathogen spores. In sequential co-infections, 154 the host was exposed to 20,000 spores of one pathogen genotype a week prior to 20,000 spores 155 of the second to allow for prior establishment of infection. In sequential single infections, the host 156 was simply exposed to 20,000 spores at each of the exposure periods by the same genotype. We 157 herein refer to the multiplicity of genotypes and schedule of exposures collectively as "co-158 infection treatment." 159 Three P. ramosa genotypes with previously studied disease characteristics were used in this study. 160
When singly infecting female Daphnia, genotype C19 exhibits high virulence and low transmission 161 (average infection duration: 45.29 days; average spore load: 8.56 million spores) whereas 162 genotypes C24 and C1 cause similar infection outcomes, exhibiting lower average virulence and 163 higher average transmission as compared to C19 (Clerc et al. 2015) . Co-infections consisted of 164 genotype C19 and either C24 or C1 as these genotype pairings represent similar virulence 165 combinations and were thus predicted to exhibit similar patterns of competitive outcome. 166
Additionally, genotypes C24 and C1 cannot be distinguished using our genetic analyses whereas 167 C19 can be distinguished from C24 or C1, allowing us to determine the relative contribution of 168 each pathogen genotype to the total spore production of co-infected Daphnia (see Genetic 169 analysis section). 170 33 individuals of each sex were allocated to each co-infection or uninfected control treatment. In 171 total this experiment consisted of 26 treatments (33 replicates * 2 sex * [3 simultaneous single 172 infections + 3 sequential single infections + 2 simultaneous co-infections + 2 sequential co-173 infections treated with C19 first + 2 sequential co-infections treated with C19 second + 1 174 uninfected control treatment] = 858 individuals). 175 7 female control lifespan respectively. Upon host death, Daphnia were individually frozen in 500 μL 179 of purified water for later determination of infection status and pathogen fitness as measured by 180 overall production of transmission spores. Infection status was assessed by thawing a Daphnia 181 sample, crushing it with a pestle, and noting the presence or absence of mature transmission 182 spores using phase-contrast microscopy. Individuals identified as infected were immediately 183 assessed for overall spore production using an Accuri C6 flow cytometer (BD Biosciences, San Jose, 184 California). The spore load of each infected Daphnia was measured by diluting 10 μL of Daphnia 185 sample into 190 μL of 5mM EDTA and loading this dilution into one well of a round-bottomed PPE 186 96-well plate. Custom gates based on fluorescence (FL3) were used to omit algae cells from the 187 final count and custom gates based on side scatter (SSA) were used to identify only mature spores 188 based on their distinct size and morphology compared to immature spores and animal debris 189 (Ebert et al. 2016) . Overall spore load was measured twice per individual and averaged. 190
Genetic analysis and measures of within-host pathogen competition 191
To assess the fitness of co-infecting pathogen genotypes, we performed DNA extractions on co-192 infected Daphnia and determined the relative contribution of each pathogen genotype using 193 variable number tandem repeats (Mouton et al. 2007 ). Pathogen genotypes were distinguished 194 using primer sequences Pr1, Pr2, and Pr3 ( Georgia) with a modified protocol based on similar studies assessing the genetic composition of P. (1 x 10s, 1 x 20s, and 3 x 30s). Subsequently, samples were incubated in a heat block at 55°C for 1 208 hour before centrifugation at 10°C for 15 minutes at 5005 RCF. After collecting the supernatant, 209 the DNA extraction proceeded as directed by the manufacturer protocol. An optional step of 210 incubating samples for 2 minutes at 70 °C prior to elution greatly increased DNA yields. Final 211 elution volume was 100 μL. 212 DNA was amplified via PCR with temperature cycling methods identical to Andras and Ebert 213 (2013) . Fragment analysis and genotyping was performed on these PCR products by AGRF 214 (Melbourne, Australia) to determine the size of microsatellite alleles and the strength of their 215 fluorescence (represented by peak height). The peak height ratio of the microsatellite markers was 216 interpreted as the relative proportion of spores produced by each pathogen genotype as 217 described by Ben-Ami et al. (2008) ; an approach that has also been used to quantify mixed sperm 218 stores (Bussière et al. 2010) . This proportion was multiplied by the absolute number of spores 219 produced within the infected host to determine the relative transmission of competing genotypes. 220 is related to reduction in host fecundity or lifespan upon infection (reviewed in Alizon et al. 2013; 230 Bashey 2015) . Here, we focused on pathogen induced reduction in lifespan as a comparable 231 measure of pathogen virulence between males and females. We then related patterns of virulence 232 to overall pathogen transmission as well as the transmission of individual co-infecting pathogen 233 genotypes within a mixed infection. 234
We first explored how the relationship between pathogen virulence and overall pathogen fitness 235 changes due to host sex, pathogen co-infection treatment and their interaction using a 236 multivariate analysis of variance (MANOVA Type III, car package, Fox and Weisberg 2011). Then 237 we analysed the effects of sex, pathogen co-infection treatment, and their interaction on 238 pathogen spore production and virulence using full-factorial analyses of variance (white corrected 239 to perform post-hoc comparisons of the multivariate means for equivalence, we then explored 241 how the relationship between virulence and overall spore production varied due to host sex or 242 either of the two pathogen genotype combinations (C19 and C24 or C19 and C1). Finally, we 243 tested whether the fitness of individual co-infecting pathogen genotypes changed due to host sex, 244 co-infection treatment, or their interaction. To do this we fit a linear mixed model including each 245 co-infection treatment (lme4 package, Bates et al. 2015) with an individual's unique ID fit as a 246 random effect, an interaction between sex and pathogen genotype as fixed effects, and relative 247 production of spores as the response. We also fit separate mixed models for each co-infection 248 treatment in order to describe which co-infection treatment was driving patterns of significance in 249 the full model. 250
Results
251
The effects of host sex on pathogen virulence, transmission, and their interaction
252
Our results indicate interactive effects of host sex and patterns of co-infection on the combined 253 influence of pathogen fitness (the total spore production of co-infections or single genotype 254 infections) and pathogen induced reduction in host lifespan (virulence). Across all single and co-255 infection treatments, the multivariate ANOVA reveals how infections in females lead to higher 256 spore loads and a greater reduction in lifespan than in males (Fig. 1) ; but that the magnitude of 257 any response to infection is not shared equally between the sexes due to the presence of the 258 interaction term (Table 2 ). Figure 1 and Table 2 (univariate ANOVA) suggest that this interaction is 259 largely driven by greater variation in spore loads between co-infection treatments occurring in 260 females (Fig. 1a) , with pathogens producing between 9.6 million and 5.9 million average spores 261 within females and between 1.9 million and 1.1 million average spores within males. In contrast, 262 females experienced higher levels of virulence than males, but the relative differences in virulence 263 among co-infection treatments was similar between the sexes (Fig. 1b ). Collectively this suggests 264 that while pathogens which delay host death produce the greatest number of spores in females, 265 this trade-off is more dampened in males where variation in virulence relates to a much smaller 266 range in pathogen reproduction (Fig. 1) . 267
Despite the difference in the scale of the trade-off between males and females, within each sex 268 the relationship between pathogen transmission and virulence across co-infection treatments 269 remained qualitatively similar. As expected, in females we found pathogen genotype C19 was 270 more virulent and produced less transmission spores than C24 ( Fig. 2a ) or C1 (Fig. 2b) in single 271 infection contexts. Similarly, sequential single genotype infections were indistinguishable from 272 simultaneous single infections. Simultaneous co-infections always behaved like the more virulent 273 pathogen in single infection contexts (C19), yet the order of sequential co-infections influenced 274 the relationship between virulence and transmission differently based on the genotype of the 275 competitor. In competitions with between C19 and C1, sequential co-infections always behaved 276 like the genotype that established first (i.e. sequential C19, C1 behaved like simultaneous C19, 277 C19; Fig. 2b) . In contrast, the relationship between virulence and transmission of sequential co-278 infections were indistinguishable in competitions between C19 and C24 ( Fig. 2a ). Males exhibited 279 comparatively similar patterns to females, with C19 more virulent and producing less spores than 280 C24 (Fig. 3a) or C1 (Fig. 3b ) in single infections; sequential single infections exhibiting similar 281 patterns to simultaneous single infections, sequential co-infections with C24 exhibiting similar 282 patterns regardless of infection order, and sequential co-infections with C1 behaving like the 283 genotype which established first. 284
The effects of host sex on the relative fitness among co-infecting pathogen genotypes 285 Finally, we explored how host sex and pathogen genotype collectively influence the relative 286 pathogen fitness within co-infection contexts. We found that an interaction between host sex and 287 pathogen genotype determined relative pathogen fitness (Table 3) . Upon examining each 288 pathogen co-infection treatment individually, an interaction between sex and pathogen genotype 289 influencing relative pathogen fitness was detected for every co-infection treatment except for 290 sequential C24, C19 (Table 3 ). In females, the more virulent genotype (C19) produced the majority 291 of transmission spores in each co-infection context except for when pathogen genotype C24 292 established first (Fig. 4) . Conversely, co-infection in males resulted in equal spore production of 293 the competing genotypes except for when the less virulent genotypes (C24 or C1) established 294 before C19. In both of these cases, prior establishment of the less virulent genotype resulted in 295 C19 being competitively inferior. In general, coinfections within females were represented by the 296 disproportionate transmission of the more virulent pathogen, but this was not observed in males. strategies should evolve are influenced by studies focusing on single infections. Yet in nature, 302 infection is more likely to co-occur between multiple pathogen genotypes of the same or different 303 species (Read and Taylor 2001; Rigaud et al. 2010; Balmer and Tanner 2011) . When multiple 304 pathogens establish within a host, theory predicts that co-infection commonly favours more 305 virulent pathogens through increased competition for host resources (Alizon et al. 2013). 306 However, host heterogeneity may affect the relative fitness among competing pathogens (de 307 Roode et al. 2004; Hodgson et al. 2004; Råberg et al. 2006; Ben-Ami et al. 2008; Ben-Ami and 308 Routtu 2013; Izhar et al. 2015; Louhi et al. 2015) thus the evolution of more virulent pathogens is 309 not necessarily a universal outcome of co-infection (Alizon et al. 2013; Cressler et al. 2016) . In this 310 study we considered how a common source of host heterogeneity in many species, the differences 311 between the sexes in their capacity limit pathogen performance (see Table 1 
, Cousineau and 312
Alizon 2014), can modify the expression of virulence in co-infections and the consequences this 313 may have for the maintenance of genetic diversity in pathogen populations. 314
Our results indicate that the ability of co-infections to modify the relationship between pathogen 315 growth (i.e. spore production) and pathogen induced reduction in host lifespan (i.e. virulence) will 316 depend on the sex of the host. While infection in females is marked by a negative relationship 317 between spore production and virulence, similar virulence patterns in male hosts correspond with 318 more limited variation in spore production (Fig. 1) . This was also observed in Thompson et al. 319 (2017) where the scale of the trade-off between virulence and spore production varied due to 320 host sex, driven largely by a reduction in overall variation in pathogen fitness across co-infection 321 treatments in males. Despite this lower variation in spore production within male hosts, we found 322 that the relative relationships between pathogen virulence and spore production were 323 qualitatively similar between the sexes. Regardless of sex, simultaneous co-infections often 324 exhibited relationships between pathogen virulence and spore production equal to that of the 325 most virulent pathogen in isolation (Fig. 2, 3) . Likewise, the relationship between virulence and 326 spore production in sequential co-infections depended on pathogen genotype and order of 327 establishment, but was unaffected by sex. These patterns culminate with females representing an 328 environment within which pathogens can attain the highest levels of reproduction; yet co-329 infections within females also represent a substantial decrease in pathogen spore production as 330 compared to the males. 331
Despite commonalities between the sexes in the overall patterns of transmission and virulence, 332 the relative fitness between co-infecting pathogen genotypes varied strongly between males and 333 females. We found that females exhibited significant differences in spore production between 334 competing genotypes in all but one co-infection treatment, with the more virulent pathogen (C19) 335 producing up to 5.3 million spores more than its competitor (Simultaneous C19, C24; Fig. 4 ). In 336 contrast, when pathogens competed within males, each genotype produced an equal number of 337 transmission spores in simultaneous exposures and sequential exposures when the more virulent 338 pathogen established first (Fig. 4 ). Explaining these results may be that the more limited 339 exploitative environment of male Daphnia (Thompson et al. 2017; Gipson and Hall 2018) prohibits 340 pathogens from exhibiting variation in exploitation strategies. Males then may be a reservoir for 341 pathogen genetic diversity, resulting in equal fitness between competing genotypes and even 342 favouring genotypes which are frequently outcompeted within female hosts. 343
Our results also indicate that the arrival sequence of co-infecting pathogens will lead to different 344 competitive outcomes depending on the host sex encountered. Previously established pathogens 345 may inhibit later arriving competitors by blocking pathogen establishment, exhausting resources, 346 or by inducing host immune responses (de Roode et al. 2005a; Lohr et al. 2010; Hoverman et al. 347 2013) . In these situations, early establishing pathogens may exhibit considerable levels of 348 reproduction even in competition with more virulent genotypes. Indeed, Ben-Ami et al. (2008) 349 found that less virulent genotypes can exhibit substantial levels of reproduction when establishing 350 first even though they are outcompeted when establishing after more virulent genotypes. Here, 351 females exhibited this general pattern with the more virulent C19 genotype outcompeted by C24 352 and producing a similar number of spores as C1 when establishing second (Fig. 4) . Conversely, the 353 constraints imposed by male hosts appear to keep pathogen C19 from ever outcompeting other 354 genotypes when they establish first. Consequentially, male hosts may thus maintain pathogen 355 genetic variation that would otherwise be eroded by infection in females where the more virulent 356 genotype is more frequently transmitted. 357
Taken together, our results suggest that the evolutionary outcome of pathogen virulence in co-358 infection contexts will depend on how often pathogens encounter male and female hosts. In co-359 infections, more virulent pathogens often transmit more than their less virulent competitors, 360 potentially favouring the evolution of higher virulence (de Roode et al. 2005b; Bell et al. 2006;  potentially selecting for higher levels of virulence. In contrast, co-infection in males is 364 characterized by either equal fitness of competing pathogens or higher fitness of less virulent 365 pathogen genotypes. Co-infection in males may then either slow the evolution of virulence or 366 completely reverse selection on virulence depending on the exposure context. Yet, the 367 evolutionary outcome of virulence will depend not only on the within-host outcomes of infection, 368 but also in how disease is transmitted between hosts (van Baalen and Sabelis 1995; Frank 1996; 369 Mideo et al. 2008; Choisy and de Roode 2010; Alizon et al. 2013) . Indeed, sex ratio can vary within 370 a variety of species (Clutton-Brock and Iason 1986; including Daphnia (Galimov et al. 2011) , which may influence the frequency of pathogen 372 transmission between each sex and thus the overall patterns of selection on virulence. A higher 373 proportion of the more exploitable sex, for example, may favour the transmission of more virulent 374 pathogens, whereas population shifts to the less exploitable sex may restrain or reverse this 375 pattern. 376
The ubiquity of pathogens in natural populations suggests that individuals are likely to encounter 377 and become infected by multiple pathogen genotypes. We show that host sex may further impact 378 on the relative fitness among pathogen genotypes due to within-host competition, finding that 379 differences in the scale of the trade-off between pathogen virulence and transmission between 380 the sexes affect the relative fitness among competing pathogens. This work reaffirms the role that 381 host heterogeneity can play in affecting the outcome of within-host pathogen competition and its 382 potential to influence the evolution of virulence (de Roode et al. 2004; Hodgson et al. 2004; 383 Råberg et al. 2006; Ben-Ami et al. 2008; Ben-Ami and Routtu 2013; Izhar et al. 2015) . Ultimately, 384 how virulence should evolve within co-infection contexts will depend on frequency of 385 encountering each sex as well as variation in the exploitative potential of male and female hosts. 386
Collectively, our results suggest that the often observed relationship between virulence and 387 pathogen competitive ability may not apply equally to each sex, providing a mechanism for the 388 maintenance of pathogen genetic variation in sexually dimorphic host populations. 389 Simultaneous single infection Individual was exposed once to a single pathogen genotype 40,000 spores ---Simultaneous co-infection Individual was exposed once to two pathogen genotypes 20,000 spores 20,000 spores --Sequential single infection Individual was exposed to a pathogen at day 5 and then to the same pathogen at day 12.
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20,000 spores --20,000 spores 396 The influence of co-infection treatment on the relationship between overall pathogen spore production and reduction in host lifespan 416 (virulence) for females exposed to pathogen genotype C19 and/or C24 (a) and females exposed to pathogen genotype C19 and/or C1 (b). Solid green 417 triangles indicate single simultaneous infections, open green triangles indicate single sequential infections, blue squares or circles refer to sequential 418 co-infections where the host was exposed to pathogen genotype C19 first or second respectively, and red diamonds refer to simultaneous co-419 infections. Shown are multivariate treatment means and standard errors with different associated numbers signifying a significant difference in 420 multivariate mean between treatments. Sequential (Seq.) infection labels refer to the order in which the two pathogen genotypes established in 421 their hosts whereas simultaneous (Sim.) infection labels refer to the two pathogen genotypes which established in their host at the same time. 422 423 Figure 3 : The influence of co-infection treatment on the relationship between overall pathogen spore production and reduction in host lifespan 424 (virulence) for males exposed to pathogen genotype C19 and/or C24 (a) and males exposed to pathogen genotype C19 and/or C1 (b). Solid green 425 triangles indicate single simultaneous infections, open green triangles indicate single sequential infections, blue squares or circles refer to sequential 426 co-infections where the host was exposed to pathogen genotype C19 first or second respectively, and red diamonds refer to simultaneous co-427 infections. Shown are multivariate treatment means and standard errors with different associated numbers signifying a significant difference in 428 multivariate mean between treatments. Sequential (Seq.) infection labels refer to the order in which the two pathogen genotypes established in 429 their hosts whereas simultaneous (Sim.) infection labels refer to the two pathogen genotypes which established in their host at the same time. 430 Figure 4 : The influence of host sex and co-infection treatment on within-host pathogen competition as measured by relative spore production of 432 individual genotypes. Green bars represent spore production by pathogen genotype C19 and blue bars represent spore production by the competing 433 pathogen genotype (either C24 or C1). Shown are individual means for each genotype and standard errors. Asterisks indicate significant difference in 434 mean spore production between competing genotypes within a single sex (two sample t-tests: *** p < 0.001, ** p < 0.01, * p < 0.05, # p < 0.10, -> 435 0.1 436
